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HIGHLIGHTS 


► Raw Cryptomeria japonica is torrefied at 250 and 300 °C for 1 h. 

► Raw/torrefied Cryptomeria japonica are blended with an anthracite coal. 

► A thermogravimetric analyzer is used to examine the co-pyrolysis characteristics. 

► Five different biomass blending ratios of 100, 75, 50, 25, and 0 wt.% are considered. 

► Interactions or synergistic effects between raw/torrefied biomass and coal are slight. 
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The properties of biomass can be improved via torrefaction, and torrefied wood is a fuel with the poten¬ 
tial to partially replace coal. In this study, raw Cryptomeria japonica (W Raw ) is torrefied at 250 (TW 250 ) and 
300 °C (TW 30 o) for 1 h, and then mixed with an anthracite coal to undergo co-pyrolysis. A thermogravi¬ 
metric analyzer is used to examine the co-pyrolysis characteristics of fuel blends and five different bio¬ 
mass blending ratios (BBRs) of 100, 75, 50, 25, and 0wt.% are taken into consideration. When W Raw , 
TW 25 o, and the coal are tested, the pyrolysis is characterized by a three-stage reaction, whereas four-stage 
thermal degradation is found for TW 30 o and fuel blends. The predictions from the linear superposition of 
the thermal decomposition of individual fuels fit the experimental data of the fuel blends, suggesting that 
the interaction or synergistic effect of co-pyrolysis between the raw/torrefied C. japonica and the coal is 
slight. The co-pyrolysis kinetics of the fuel blends is also analyzed. The variation of chemical kinetics with 
decreasing BBR in the second stage is different from that in the third stage. That is, an increase in BBR 
leads to an increase in the activation energy in the second stage, whereas it causes a decrease in the third 
stage. This is attributed to that the reactivities of cellulose and lignin in biomass are different from that of 
coal in the two stages. 

© 2012 Elsevier Ltd. All rights reserved. 


1. Introduction 

Economic growth increases the demand for energy. Fossil fuels 
are currently the most important energy sources [1] and they are 
mainly consumed via combustion. However, the burning of fossil 
fuels releases a large amount of carbon dioxide into the atmo¬ 
sphere so as to raising environmental concerns. Over the past sev¬ 
eral years, a number of countries have considered making greater 
use of nuclear energy. But enthusiasm for this has fallen in the 
wake of the accident at Fukushima, Japan, in 2011. Biomass has a 
much shorter life cycle compared to fossil fuels, and it has the abil¬ 
ity to mitigate the greenhouse effect, due to its carbon neutral nat¬ 
ure. Therefore, if biomass is used as an alternative fuel it cannot 
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only reduce the consumption of fossil fuels, but also reduce the 
environmental pollution and greenhouse effect [2,3], 

Among the various ways of using bioenergy, one that has at¬ 
tracted particular attention is the use of biomass blended with 
coal, as such blends can be applied for co-firing [3-5], co-gasifica- 
tion [6-8], and co-pyrolysis [9-21], Co-firing biomass and coal 
blends is able to reduce NO x and SO x levels in flue gases [4], and 
can also reduce emissions of greenhouse gases at lower capital 
and operating costs [5]. With regard to co-gasification, it has been 
pointed out [6] that increasing the biomass ratio in the mixture of 
residual biomass and low-grade coal in a fluidized-bed reactor had 
the potential to intensify the yield of product gas and its heating 
value. Seo et al. [8] indicated that an increase in the biomass ratio 
led to increases in H 2 and CH 4 in the product gas, as well as greater 
total carbon conversion and cold gas efficiency. McLendon et al. re¬ 
ported [7] that the transport (rheological) properties of coal and 
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Nomenclature 


A pre-exponential factor (min -1 ) 

t heating time (min) 

B heating rate (K min -1 ) 

X conversion of sample (-) 

E a activation energy (kj mol -1 ) 

W weight of sample (mg) 

k rate constant (min -1 ) 


n order of reaction (-) 

Subscript 

R universal gas constant (=8.314 J mol -1 K -1 ) 

i initial state (at 105 °C) 

T temperature (K) 

f final state (at 800 °C) 


biomass blends were significantly better than those of coal alone 
consumed in a fluidized bed gasifier, while the plugging behavior 
was also greatly reduced and fuel handling was easier. In regard 
to co-pyrolysis, Moghtaderi [10] showed that blends of coal and bio¬ 
mass had lower pyrolysis temperatures than coal, while Meesri and 
Moghtaderi [13,15] and Zhang et al. [18] noted that the gas and li¬ 
quid yields from co-pyrolysis increased along with the biomass ra¬ 
tio. Seo et al. [8] found that after undergoing pyrolysis the 
micropore ratio in a biomass and coal blend increased, while the 
average pore size of the blend decreased. Because the reaction took 
place on the active carbon sites in the micropores, the enhanced 
micropore structure was conducive to gasification reactivity. 

Despite the numerous advantages from the reactions of biomass 
and coal blends, as mentioned above, the energy density of raw bio¬ 
mass is relatively low compared to that of coal, due to its larger vol¬ 
ume (or lower density), higher moisture content, and lower heating 
value. Raw biomass also has other poor characteristics such as hygro¬ 
scopic behavior, low grindability, and non-uniform properties due to 
the diversity of biomass sources [22,23], These issues make present 
problems with regard to the storage, transport, and utilization of 
raw biomass, and thus a number of studies have attempted to over¬ 
come these issues via torrefaction. Torrefaction is a thermal pretreat¬ 
ment process which is carried out at temperatures of 200-300 °C 
under an inert or nitrogen atmosphere for several minutes to several 
hours [24-26], A number of review papers [27-29] have summarized 
the advantages of using torrefaction to improve the characteristics of 
biomass with regard to its use as a fuel. In brief, torrefaction is able to 
decrease the atomic O/C and H/C ratios, reduce the moisture level, 
and intensify the energy density of biomass. It transforms biomass 
from a hygroscopic material to a hydrophobic one, as well as improv¬ 
ing the grindability and homogeneity. These changes mean that bio¬ 
mass can be used in wider range of applications. 

Considering the co-pyrolysis of biomass and coal, while some 
studies [9,12-16,19,21 ] report that no interactions occur in the fuel 
blend reactions, others [8,18,20] present the opposite results. In 
reviewing recent studies concerning the reactions of biomass and 
coal blends, it is noted that no research has been carried out that 
examine the co-pyrolysis of torrefied biomass and coal blends, 
even though numerous studies have been performed on biomass 
torrefaction. For this reason, the present study aims to investigate 
the thermal degradation characteristics and pyrolysis kinetics of 
raw/torrefied wood ( Cryptomeria japonica) and coal blends. The 
raw or torrefied wood is mixed with a coal at various weight ratios. 
The mixtures are pyrolyzed in a non-isothermal environment, and 
thermogravimetric analysis is carried out. The co-pyrolysis and 
kinetics of the fuel blends are then explained in detail. 

2. Methodology 

2.1. Preparation of samples 

C. japonica is abundant in Taiwan, accounting for around 58.5% 
of the forest therein, and is characterized by rapid growth and good 
wood quality [30]. It was thus chosen as the experiment material 


in the present study. The carbon content in biomass is lower than 
that in coal, and anthracite coal has high carbon content among the 
various coals that are available. When biomass and anthracite coal 
are blended, the carbon content of the blend is closer to that of 
bituminous or subbituminous coal. Because of this, an anthracite 
coal from Australia was adopted for this work’s fuel blend tests. 
Prior to performing torrefaction, the reaction system was leak 
tested using nitrogen, in order to ensure that no oxygen was en¬ 
trained in the reaction system when torrefaction was carried out. 
The torrefied wood was made in several steps. To begin with, 
raw C. japonica wood was cut into small chips with sizes of about 
30 mm x 30 mm x 40 mm. The wood chips were then dried in an 
oven at 105 °C for 24 h to provide a basis for experiments. Finally, 
9.5 g (±5%) of wood chips was placed in a reactor in each experi¬ 
ment followed by being treated via either mild torrefaction at 
250 °C or severe torrefaction at 300 °C [31 ] for 1 h. While the sam¬ 
ples were torrefied, nitrogen at the flow rate of 100 mL min -1 
(25 °C) was continuously blown into the reactor to keep the reac¬ 
tion tube in an inert atmosphere. 

2.2. Thermogravimetric analysis (TGA) 

The pyrolysis characteristics of the samples were examined 
using a thermogravimetric analyzer (TG, PerkinElmer Diamond 
TG/DTA). A crucible loaded with sample was placed inside the TG 
where the weight of the sample was constantly measured. The 
functions of the TG were to measure and record the dynamics of 
sample weight loss with increasing temperature or time. For each 
experimental run, around 5 mg of sample at particle sizes of 100- 
200 mesh was used. When the pyrolysis of the samples was carried 
out, the heating temperature in the TG was in the range of 25- 
800 °C, and the heating rate was controlled at 20 °C min -1 . Once 
the heating temperature reached 105 °C, it was held for 10 min 
to completely remove moisture and provide a basis for analysis. 
The temperature in the TG was detected and recorded at a fre¬ 
quency of 2 Hz. Nitrogen was used as the carrier gas in the TG, 
so that the sample was pyrolyzed in an inert environment without 
oxygen. The flow rate of the carrier gas was fixed at 100 cc min -1 
(STP). Based on the distributions of weight loss, it was possible 
to carry out the thermogravimetric analyses (TGA) and derivative 
thermogravimetric (DTG) analyses of the samples. To ensure the 
measured quality of the TGA, the TG was periodically calibrated 
using indium (In), tin (Sn) and calcium oxalate (CaC20 4 ), and the 
experiment under any given condition was usually carried out 
more than twice. The relative error among the measurements of 
TGA was controlled to less than 5%. 

2.3. Pyrolysis kinetics 

The non-isothermal ldnetics for solid decomposition is usually 
written as follows [32]: 

f = (1) 
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Table 1 

Properties of raw/torrefied wood and coal. 


Photograph 


3L 


TW 25 o 

* 


HHV (MJ/kg) 


20.29 


Elemental analysis (wt.%, dry-ash-free) 
C 

0 (by diff.) 


51.73 

5.30 

42.80 

0.17 


S 0.00 

H/C (atomic ratio) 1.23 

O/C (atomic ratio) 0.62 


Proximate analysis (wt%, dry basis) 

Volatile matter (VM) 80.82 

Fixed carbon (FC) 19.18 

Ash 0.00 


22.55 


26.60 


73.30 

4.35 

22.35 


1.07 

0.47 


0.71 

0.23 


Fiber analysis (wt%) 

Hemicellulose 

Cellulose 



16.01 

43.60 

32.20 


7.65 


42.11 

3.38 



27.34 


86.56 


6.20 

1.70 

0.61 

0.68 

0.05 


31.71 
54.58 

13.71 


where X is fuel conversion, and is given by 


or 


Wi-W 
~ Wi Wf 


(2) 


In the above equation, W, W t , and Wf represent the instanta¬ 
neous, initial (at 105 °C), and final (at 800 °C) weights of the sam¬ 
ple. The reaction rate constant k is expressed in terms of the 
Arrhenius equation as 

k —A exp (3) 

and the function J[X ) can be written as 


[ (1 - n) x T 2 J 


(10) 


The plot of ln[ -ln( 1 - X)/T 2 ] versus 1 /T becomes a linear line for 
n = 1; the plot of ln[ 1 -(1 - X) 1_n /T 2 ] versus 1 /T is also a linear line 
for n ¥= 1. Accordingly, the apparent activation energy (£ a ) and the 
apparent frequency factor (A) can be determined from the slope 
and intercept of the regression line, respectively. 


3. Results and discussion 


/(X) = (l-X)" (4) 

Substituting Eqs. (3) and (4) into Eq. (1) gives 

(5) 

For a constant heating rate [S = dT/dt, Eq. (5) can be rearranged to 
the following equation 


Five different biomass blending ratios (BBRs) of raw/torrefied 
biomass and the anthracite coal are taken into consideration; they 
are 100, 75,50,25, and 0 wt.%. When BBRis equal to 100%, it means 
that biomass alone is tested, while only coal is tested when BBR is 
0%. In the following discussion, the untreated (raw) C. japonica 
wood and torrefied samples at 250 and 300 °C are denoted as 
W Raw , TW 2 5 o, and TW 30 o, respectively. 


dX _ 
dT _ 


GM4) 


(1 -X) n 


(6) 


The integral method based on Coats and Redfern (CR) equation 
[33-35] is used in this work, and the approximate integration of 
Eq. (6) gives 


In 

or 

In 


r-ln(l-X)! 

[ T 2 J 


[-ln(l-X) 1 

[ (1 - n) x T 



£a 

RT 


n- l 


if nxl 


(7) 

(8) 


For most reactions, the value of 2RT/E is very small (i.e. 2 RT/ 
E a « 1), and thus the preceding two equations can be approximated 
by 


1 , AR E a ., 

J = n jEa ~ RT lfn=1 


(9) 


3.1. Properties of C. japonica and coal 

The properties of W Raw . TW 250 , TW 30 o, and coal, as drawn from 
the elemental and proximate analyses, are presented in Table 1. 
The results of fiber analysis of W Raw , TW 250 , and TW 30 o are also gi¬ 
ven in the table. The hemicellulose, cellulose, and lignin contents in 
W Raw are 16.01, 43.60, and 32.20 wt.%, respectively. When the 
wood is torrefied at 250 °C, significant amounts of hemicellulose 
are consumed, and thus the of cellulose and lignin contents in 
TW 250 increase. For the wood torrefied at 300 °C, cellulose is also 
thermally degraded. As a consequence, the lignin content in 
TW 30 o increases markedly. The coal used in this work has a signif¬ 
icantly higher carbon content and lower oxygen content compared 
to both the raw and torrefied biomass. After undergoing torrefac- 
tion, the carbon content and higher heating value (HHV) of the 
wood are higher than those of raw biomass. For example, the cal¬ 
orific values of the biomass torrefied at 250 and 300 °C (i.e. TW 250 
and TW 30 o) are increased by 11% and 31%, respectively. It should be 
noted that the HHV of TW 300 (=26.60 MJ kg ') is close to that of 
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coal (=27.34 MJ kg -1 ). The results of the proximate analysis show 
that the volatile matter in raw C. japonica is 80.82 wt.%, which is 
more than two times higher than that of coal (=31.71 wt.%). How¬ 
ever, the ash contents in W Raw , TW 2 5o, and TW 30 o are 0, 0.29, and 
0.78 wt.%, respectively, while 13.71 wt.% in the coal. This implies 
that using raw or torrefied C. japonica as an alternative to coal 
can significantly reduce the costs associated with ash disposal. 


3.2. Pyrolysis characteristics of materials 

The TGA and DTG curves of W Raw and coal are shown in Fig. 1. 
As a whole, the pyrolysis processes of the two fuels are character¬ 
ized by a three-stage thermal degradation, and the decomposition 
of the fuels mainly takes place in the second stage. The second- 
stage reactions of W Raw and coal approximately develop at 230- 
410 and 420-520 °C, respectively. The peak temperature of coal 
(=465 °C) is much higher than that of W Kaw (=367 °C), but the 
decomposition intensity of the former (=0.17 wt.% °C ') is substan¬ 
tially lower than that of the latter (=0.93 wt.% °C ’). This is due to 
differences in the fuel structures of coal and biomass. Specifically, 
the peak exhibited in Fig. la results from the thermal degradation 
of cellulose, and it is due to the release of volatile matter from the 
coal, as shown in Fig. lb. In addition, the coal has a high carbon 
content (=87 wt.%), and thus does not decompose quickly in the 
course of the pyrolysis reaction. 

With regard to TW 250 , Fig. 2a shows that its peak temperature 
(=368 °C) in the DTG curve is very close to that of W Raw 
(=367 °C). Due to the depletion of a large portion of hemicellulose 
(Table 1 ), which causes relatively more cellulose to be contain in 
TW 250 , the peak intensity of TW 250 (=1.02 wt.% °C ') is even higher 




Temperature (°C) 



tw 3i 


than that of WRaw (=0.93 wt.% °C ’). However, when the wood is 
torrefied at 300 °C for 1 h, the peak is reduced to 0.62 wt.% °C \ 
This is consistent with the results of the fiber analysis (Table 1 ), 
where cellulose is also consumed to a certain extent. Chen and 
Kuo [36] reported that hemicellulose and cellulose in biomass 
were significantly decomposed through torrefaction at 290 °C. 
For TW 30 o, in addition to the thermal degradation of cellulose at 
364 °C, a mild decomposition process also develops at 442 °C 
(Fig. 2b). This is attributed to the reaction of lignin, in that rela¬ 
tively more lignin is retained in the wood from torrefaction at 
300 °C. Instead of the three-stage thermal degradation seen with 
W Raw , TW 250 , and coal, four-stage thermal decomposition is found 
with TW300. According to the distributions of TGA curves shown in 
Figs. 1 and 2 , the solid residues of W Raw , TW 250 , and TW 30 o at 
800 °C are 15, 21, and 40 wt.%, respectively, while they are 
70 wt.% for coal. The higher the torrefaction temperature, the 
greater the amount of solid residue in the biomass. 

3.3. Pyrolysis characteristics of blends 

The TGA and DTG curves of raw and torrefied C. japonica 
blended with coal at the BBRs of 75%, 50%, and 25% are shown in 
Figs. 3-5. When W Raw is mixed with coal, the pyrolysis is charac¬ 
terized by a four-stage reaction rather than the three-stage one ob¬ 
served in Figs. 1 and 2b. The first peaks, which occur in the second- 
stage reaction between 368 and 372 °C (Fig. 3), are due to the ther¬ 
mal decomposition of W Raw in the mixtures. The second peaks in 
the third-stage reaction between 464 and 468 °C stem from coal 
decomposition. In other words, in the DTG curves, the peaks exhib¬ 
ited come from a combination of the thermal degradation of 


Fig. 1 . Pyrolysis dis 
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biomass and coal in the mixtures. The peak intensity in the third- 
stage reaction is lower than that of the second-stage one. Mean¬ 
while, decreasing BBR increases the peak intensity of the third- 
stage reaction. The TGA curves shown in Fig. 3 also suggest that 
when the BBR is higher, the weight of solid residue at the end of 
pyrolysis reaction (i.e. 800 °C) is lower. For instance, the solid res¬ 
idues at BBRs of 25, 50, and 75 wt.% are 56.3, 42.7, and 29.2 wt.%, 
respectively. The pyrolysis characteristics of the mixtures of 
TW 250 and coal (Fig. 4) are similar to those of the mixtures of W Raw 
and coal. TW 300 experiences severe torrefaction and more hemicel- 
lulose and cellulose are depleted (Figs. 1 and 2). Accordingly, the 
first and the second peaks shown in the DTG curves wither in a sig¬ 
nificant way (Fig. 5). The pyrolysis peaks of coal and lignin are ob¬ 
tained at approximately 442 and 465 °C (Figs, lb and 2b), and 
these temperatures are close to each other. Therefore, the peaks 
exhibited in the third stage are the consequence of the overlap of 
the decomposition of coal and lignin. 





3.4. Interaction of biomass and coal 



Fig. 3. Co-pyrolysis distributions of the TGA and DTG curves of W Ki , w and coal at 
BBRs of (a) 75, (b) 50, and (c) 25 wt.%. 


If there are no interactions in the thermal decomposition of the 
biomass and coal, the pyrolysis characteristics of the blends will 
follow the behaviors of their parent materials in an additive man¬ 
ner. To evaluate the interaction between the raw/torrefied wood 
and the coal, the experimental and calculated TGA and DTG curves 
are plotted in Figs. 6 and 7, respectively. It can be seen that all the 
calculated curves almost overlap with the experimental ones. The 
maximum relative errors between the experimental and calculated 
TGA curves of various blends are further examined in Table 2, and a 
comparison of weight percentages of solid residue at 800 °C in the 
TGA curves is given in Table 3. The predicted results are obtained 
from the calculations in terms of the weight percentage of every 
single material. A comparison of the experimental and calculated 
TGA curves indicates that the relative error is within 5%, except 
for the case of TW 25 o at BBR of 50% (Table 2). With regard to the 
solid residue, its relative error is within 6.8% (Table 3). It is thus 
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Temperature (°C) 


Fig. 5. Co-pyrolysis distributions of the TGA and DTG curves of TW 300 and coal at 
BBRs of (a) 75, (b) 50, and (c) 25 wt.%. 



100 200 300 400 500 600 700 800 

Temperature (°C) 



concluded that the synergistic effects or interactions between the 
raw/torrefied biomass and coal are very slight when they are co- 
pyrolyzed. The results also reveal that the pyrolysis behavior of 
the mixture can be predicted through linear superposition in terms 
of the weight percentage of every single material, regardless of 
whether raw or torrefied biomass is employed. 

3.5. Pyrolysis kinetics 

Reaction temperature and time are two crucial factors influenc¬ 
ing the pyrolysis reaction of fuels. The pre-exponential factors and 
activation energies of all the fuels, including the raw/torrefied bio¬ 
mass, coal, and their blends, in the second and the third stages are 
tabulated in Table 4, where the Arrhenius equation and the first or¬ 
der reaction are adopted. Meanwhile, the linear regression for the 
extraction of the kinetic parameters of the fuel blend of 50 wt.% 


TW 30 o +50 wt.% coal at the second and third stages are presented 
in Fig.8a and b, respectively. Whether in the second or third stage, 
the value of R 2 is not less than 0.94, reflecting that the pyrolysis 
processes in these two stages are well correlated, as shown in 
Fig. 8. When the weight percentage of raw or torrefied C. japonica 
(or BBR) in a mixture decreases, the values of the pre-exponential 
factor and activation energy in the second stage have a decreasing 
trend. Because of the sharper peak exhibited in biomass pyrolysis 
compared to coal pyrolysis, the activation energy decreases as 
BBR goes down. The reactivity of biomass is more than that of coal, 
and this is the reason why the pre-exponential factor rises when 
BBR increases. On the other hand, the thermal decomposition in 
the third stage is dominated by lignin or coal. Unlike the second 
stage, the activation energy in the third stage is sensitive to BBR, 
and an increase in this decreases the activation energy, reflecting 
the fact that the activation energy of lignin is much less than that 
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of coal. In view of the marked increase in activation energy when 
BBR decreases, the pre-exponential factor is also raised to compen¬ 
sate for the significant reduction in chemical kinetics due to the 
growth of the exponential term. When the activation energies of 
W Raw , TW 250 , and TW 30 o in the second stage are compared with 
each other, TW 2 5o at a given BBR generally has the highest value 
in that relatively more cellulose is contained the sample (Table 1 ). 
In the third stage, lignin plays an important role in determining the 
activation energy and the relative amount of lignin in TW 30 o is the 
highest. As a consequence, the activation energy is characterized 
by TW 300 > TW 250 > W Raw , as observed in Table 4. 


4. Conclusions 

The pyrolysis characteristics of raw/torrefied C. japonica and an 
anthracite coal, as well as the co-pyrolysis of their blends, have 



been examined in this study through thermogravimetric analyses. 
The results indicate that the thermal degradation processes of the 
single materials are characterized by a three-stage reaction, except 
for TW 30 o, which demonstrates a four-stage one, resulting from rel¬ 
atively more lignin being retained in the torrefied biomass. When 
raw (W Raw ), mildly torrefied (TW 250 ), or severely torrefied 
(TW 30 o) C. japonica is mixed with coal under various weight per¬ 
centages, the pyrolysis process changes from a three-stage reaction 
to a four-stage one. The results of the analyses suggest that the 
pyrolysis characteristics of the mixtures of biomass and coal are 
very close to the combination of those of the individual materials. 
It is thus concluded that the interactions or synergistic effects be¬ 
tween raw/torrefied biomass and coal are slight. In other words, 
the pyrolysis behavior of fuel blends can be determined in terms 
of the weight percentages of biomass and coal, regardless of 
whether biomass is torrefied or not. An examination of the co¬ 
pyrolysis ldnetics of fuel blends indicates that an increase in BBR 
leads to an increase in the activation energy in the second 
stage, whereas it causes a decrease in the third stage. This 
arises from that fact that the co-pyrolysis kinetics in the second 
stage is mainly affected by cellulose in biomass, and it is influenced 
by lignin in the third one. Similarly, the effects of cellulose and 
lignin on co-pyrolysis kinetics lead to that the activation 
energy of TW 250 at a given BBR is generally higher than those 
of W^w and TW 300 in the second stage, whereas the activation en¬ 
ergy of TW 3 oo in the third stage is higher than the other two 
samples. 
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(°C) 






75 410-510 


3.73 x 10 2 0.94 410-500 

2.99 x 10 1 0.97 420-510 

1.72 x 10' 0.98 410-530 



E a A (min-’) 

(kjmol-’) 


R 2 


13.89 

19.31 


37.11 


7.32 x 10" 1 
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